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C a s t  copper a l l o y s  containing 10, 20, and 30 percent  n i cke l  

and 0-75 to 0-80 percent  aluminum w e r e  machine milled i n t o  chips ,  

then comminuted i n  a rod m i l l  t o  f i n e  flake p o w d e r  u t i l i z i n g  a 

number of processing var iables .  The p d e r s  w e r e  i n t e r n a l l y  oxidized,  

mostly at  800°C, i n  a low pressure oxygen atmosphere, The consoli- 

dated powders w e r e  hot extruded i n t o  bar s tock,  Room temperature 

tens ion  tests; stress rup tu re  tests mostly at  650°, but  a l s o  a t  

450 and 85OoC; and hardness measurements after var ious annealing 

temperature : treatments to  s tudy alloy s t a b i l i t y  w e r e  performed, Ex- 

c e l l e n t  room temperature s t rength,  high rupture s t r eng th  a t  65OoC, and 

r e s i s t a n c e  t o  r e c r y s t a l l i z a t i o n  a t  1 0 5 O o C  w e r e  obtained. Problems 

i n  opt imizing condi t ions f o r  i n t e r n a l  ox ida t ion  of copper-nickel 
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- The i n t e r e s t i n g  high temperature p rope r t i e s  of SAP ( have 

s t imu la t ed  considerable  effort i n  more refractory a l l o y  systems where 

the  p o t e n t i a l  f o r  high s t r eng th  a l loys  a t  high temperature is  great (2-13) 0 

A number of methods have been u t i l i z e d  t o  produce t h e  des i r ed  f i n e ,  

hard p a r t i c l e  dispersions , of which i n t e r n a l  oxidat ion(2 y3 7, of d i l u t e  

sol id  s o l u t i o n  systems o f f e r s  considerable  promise by v i r t u e  of t h e  

p o t e n t i a l  f o r  producing u l t r a  f i n e ,  w e l l  d ispersed-oxides .  

While m o s t  of t he  publ ished works are concerned with pure m e t a l  

m a t r i c e s ,  a number of i nves t iga to r s  have s t u d i e d  the effects of s o l i d  

s o l u t i o n  s t rengthening (lo,=). 

(for example, aging systems) has been unsuccessful  because overaging 

s t i l l  occurs at  high temperatures i n  the  olcide containing albys ( 14 Y 15) . 
U s e  o f  more complex a l l o y  matrices 

Solid s o l u t i o n  s t rengthening is  , however , e f f e c t i v e  at very  high 

temperatures (9y10) and might be expected to  con t r ibu te  important ly  

t o  t h e  s t r e n g t h  of oxide dispers ion s t rengthened al loys.  

For t h i s  s tudy,  i n t e r n a l  oxidat ion of s o l i d  s o l u t i o n  a l l o y s  of 

copper and n icke l ,  containing s m a l l  amounts of aluminum, w a s  chosen 

as the  method of  a l l o y  preparation. 

Preparat ion of A l l o y s  

Three copper a l l o y s  containing about 10, 20, and 30 percent  nickel 

and each containing 0.75 t o  0.80 percent  aluminum (enough t o  yield 

about 3.5 volume percent  alumina) w e r e  prepared as air  cast ingo t s  

measuring 2.5 inches diameter by 6 inches  high (see Table I for 

t h e  analyses) .  
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I A5 30.07 0.80 0.037 balance 

TABLE I 

see Table 11): 

1, Homogenization of t h e  ingot  a t  982OC (lOOO°F) for 45 hours 

i n  an argon atmosphere. 

2, Machine mi l l i ng  of i n g o t s  i n t o  f i n e  chips,  Average thick- 

ness was  about 0.1 t o  0.2 mm, 

3. Hydrogen reduct ion  of chips  a t  593OC (1100'F) for one hour 

to  reduce copper and n i c k e l  oxides, 

4. R o d  m i l l i n g  of chips  t o  f i n e r  powders. 

5. Hydrogen t reatment  of powders as i n  s t e p  3. 

6. I n t e r n a l  ox ida t ion  of t he  powders. 

7, Hydrogen treatment of oxidized powders as i n  s t e p  3, 

8, Hydrostat ic  compression of evacuated powders. 

9. S i n t e r i n g  of compacts i n  hydrogen. 

10. Hot extrusion,  

Variat ions i n  processing among the  a l l o y s  w e r e  m a d e  i n  s t e p s  

4 ,  5, and  10 (see  Table 11). 

L 

Chemical Compositions of C a s t  A l l o y s  
(Weiqht Percent )  

Soluble  Residual 
A l l o y  N i c k e l  Aluminum* Alumina Copper 

A3 10.16 0.76 0,024 balance 

I A4 20.11 0.79 0.024 balance 

W 0 . 8  percent  aluminum produces 3.54 volume percent  gamma alumina 
i n  i n t e r n a l l y  oxidized a l loys  
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I n  the  pas t ,  t w o  methods w e r e  u t i l i z e d  t o  i n t e r n a l l y  oxid ize  

a l l o y  powders. Preston and Grant ( 3 )  surface oxid ized  d i l u t e  copper- 

aluminum powders t o  ob ta in  t h e  necessary amount of oxygen to  ox id ize  

the s o l u t e  m e t a l  (aluminum and s i l i c o n ) ,  and then  permit ted the formed 

9 

copper oxide t o  d i f f u s e  and react with t h e  s o l u t e  i n  an  argon atmos- 

phere. 

a l l o y s  t o  an oxygen pressure  der ived from t h e  decomposition of n i c k e l  

oxide a t  a prese lec ted  templarature, i n  an argon atmosphere. Both 

methods are appl icable  and can be modified t o  genera te  a range of 

oxygen pressures  for oxida t ion  bf t h e  s o l u t e  but  not the so lven t  m e t a l s .  

Procedure I: surface ox ida t ion  of a l l o y  A3, Cu-LONi-0.76A1. 

Bonis and  Grant (4 )  exposed nickel-aluminum and other n i c k e l  

Powders of -20 to -1-28 mesh w e r e  surface oxid ized  a t  5OO0C (932OF) to: 

ob ta in  the desired amount of oxygen for oxida t ion  of the aluminum t o  

alumina; t h e  powder w a s  then sealed i n  Vycor and hea ted  a t  900°C 

(1652OF) for  various t i m e s  up t o  12 hours. The formed oxide w a s  ex- 

t r a c t e d  by chemical s o l u t i o n  of t h e  powders, cen t r i fuged ,  dried, weighed, 

and examined by X- r a y  d i f f r a c t i o n  using C w  r ad ia t ion ,  

Gamma alumina, which w a s  expected, has t h e  same s t r u c t u r e  as the  

s p i n e l  (17)Ni0,A120,, r equ i r ing  an a d d i t i o n a l  check beyond X-ray ana lys i s  , 

A l i g h t  green residue w a s  recovered which showed the gamma alumina 

or s p i n e l  s t r u c t u r e ,  If t h e  s p i n e l  had formed, i t s  amount would be 

based on a conversion of 1 gram of oxygen t o  2.77 grams of NiO,A1,0, , 
whereas t h e  same 1 gram of oxygen would y i e l d  4,67 grams of NiO or  

2.13 grams of A120,. The X-ray data, c o l o r ,  and weight f a c t o r s  

c l e a r l y  ind ica t ed  t h e  s p i n e l  had formed; t h e  higher  rate of agglomeration 

of t h e  excess phase a l s o  ind ica t ed  t h e  s p i n e l  r a t h e r  than  A1,0,. 

Accordingly surface oxida t ion  r e s u l t s  i n  too high an oxygen 

pressure  and leads t o  undesired s p i n e l  formation. I n  a l l  subsequent 
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tr ials,  n i c k e l  oxide w a s  s e l e c t e d  as the oxygen source; decomposition 

of N i O  y i e l d s  a r e l a t i v e l y  low oxygen pressure  which would be expected 

t o  oxid ize  aluminum p r e f e r e n t i a l l y  ( a t  800°C t h e  oxygen pressures  

over C a  and N i O  are about 3.4 x and 4.3 x 10 atmospheres, 

1 

respec t ive ly) .  

Prel iminary experiments w i t h  sol id  samples of the Cu-Ni-A1 a l loys  

w e r e  performed by exposing t h e m  t o  N i O  a t  750 and 800°C i n  an argon 

atmosphere, The depth of i n t e r n a l  oxidat ion w a s  measured as a func t ion  

of t i m e ;  the r e s u l t s  are p l o t t e d  i n  Figure 1. A l s o  shown are t h e  

data for d i l u t e  N i - A 1  ( N i O  source) and Cu-A1 (CuO oxygen source) al loys.  

It i s  obvious tha t  depth of pene t r a t ion  of oxide i n  the Cu-Ni-A1 

a l l o y s  i s  very slow compaxed to  t h e  rates i n  d i l u t e  Cu-A1 and N i - A 1  

a l l o y s  a t  comparable temperatures. Accordingly much f i n e r  p o w d e r s  w e r e  

produced by mi l l i ng  t o  -400 mesh i n  an e f f o r t  t o  overcome the long- 

t i m e  t reatments  w h i c h  would otherwise be required.  

Procedure 11: oxida t ion  of A 3  and A 5  powders by N i O ,  Hydrogen 

reduced chips  w e r e  rod mi l l ed  i n  air, and after every t w o  hours of 

mi l l i ng  the  -400 m e s h  f r a c t i o n  was screened out .  Examination showed 

each p a r t i c l e  t o  cons is t  of a number of f i n e r ,  w e l d e d  p a r t i c l e s ,  with 

some oxide (presumably n i c k e l  oxide) t rapped i n t e r n a l l y .  

Hydrogen reduct ion of t h e  f i n e  powders, i n t e r n a l  oxidat ion,  and 

again hydrogen reduct ion w e r e  performed with shallow powder layers 

(1.5 mm t h i ck )  i n  a mult i - t ray furnace arrangement. The hydrogen 

t reatment  p r i o r  t o  i n t e r n a l  oxidat ion accomplished three tasks: 

su r face  reduct ion  of oxides (other  than A1,0,) formed from the mi l l ing  

operat ion,  t ransformation of the trapped oxide t o  an unknown oxide 

( i d e n t i t y  was not success fu l ) ,  and some i n t e r n a l  ox ida t ion  of aluminum 

by r eac t ion  with oxygen from the trapped oxide. 
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I n t e r n a l  oxidat ion w a s  f o r  50 hours a t  8OO0C ( 1 4 7 2 O F )  for a l l o y s  

A3 and A5. Gamma alumina w a s  i d e n t i f i e d  i n  both a l l o y s ,  and i n  a l l  

subsequent alloys.  Figure 2a shows powder p a r t i c l e s  of  A5 after 

i n t e r n a l  oxidation. W e l d  faces are s t i l l  v i s ib l e - . i n  t he  powder ag- 

glomerates , of t en  de l inea ted  by  coaxse oxides. 

Procedure 111: oxida t ion  of A 4  powder by NiO.  I n  procedure I11 

( a l s o  I V  and V )  rod mi l l i ng  w a s  done i n  an i n e r t  atmosphere t o  minimize 

genera l  oxidat ion,  but e s p e c i a l l y  to  t r y  t o  avoid entrapped n i c k e l  

and copper oxides between w e l d e d  powder p a r t i c l e s .  Ethyl  a lcohol  and 

stearic acid w e r e  u t i l i z e d  as grinding aids(18) i n  a hydrogen plus  

argon atmosphere. For 500 grams of a l l o y  powder, 1.8 l i ters of absolu te  

e t h y l  alcohol and 36 grams of stearic acid w e r e  employed. Oxidation 

w a s  l a r g e l y  minimized and no s i g n i f i c a n t  welding of p a r t i c l e s  w a s  

observed after 18 hours of mil l ing.  These condi t ions of m i l l i n g  lead, 

however , t o  f lak ing  and e longat ion  of p a r t i c l e s ;  t h e  average thickness  

of the  p o w d e r  p a r t i c l e s  w a s  4.6 microns after 8.5 hours and 3.3 microns 

after 18 hours of  mil l ing.  

I n t e r n a l  oxidat ion w a s  performed i n s i d e  a r o t a t i n g  (one rpm) 

n i c k e l  tube contained i n  a l a rge  Vycor tube. 

Extrusion ( a l s o  i n  Proecdure I V )  had t o  be performed a t  87OoC 

(1600OF) compared t o  76OoC (1400OF) f o r  Procedure I1 because of  un- 

expected ex t rus ion  p res s  l i m i t a t i o n s  f o r  an ex t rus ion  ratio of 20:l. 

Procedures I V  and V: ox ida t ion  of a l l o y  A4 i n  NiO. These pro- 

cedures w e r e  u t i l i z e d  t o  improve on the  tedious r o t a r y  tube ox ida t ion  

method of Procedure 111. For these compacts, 0.5 micron diameter 

n icke l  oxide i n  an  amount j u s t  adequate t o  supply the  oxygen necessary 

t o  o x i d i z e  the aluminum t o  alumina w a s  d ry  blended with t h e  m i l l e d ,  

3.3 microns thick copper-nickel a l l o y  p o w d e r .  This s t e p  would add 
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2.5 w e i g h t  percent  of m e t a l l i c  nickel after r eac t ion ,  an amount not 

expected t o  m a t e r i a l l y  inf luence t h e  s t r u c t u r e  or prope r t i e s  of  the  

f inal  a l loy ;  nevertheless ,  as a precaut ion,  0.025 w e i g h t  percent  

(12.5 grams) of 0.1 micron alpha alumina powder was added t o  t h e  mix 

t o  inc rease  the A1,0, content s l igh t ly .  I n  Procedure IV, i n t e r n a l  

ox ida t ion  took p lace  i n  an argon atmosphere at 800°C; i n  Procedure V, 

it  took place at 7OO0C, 

p a r t i c l e s  of  a l l o y  A4, after i n t e r n a l  ox ida t ion  a t  800°C, Note t h e  

f r e e d o m  from flake agglomeratiqn cumpared t o  that i n  Figure 2a, 

Resul ts  and Discussion 

Figure 2b shows a s e c t i o n  through the  flake 

Figure 3 shows the  microstructures  , longi tudina l  s ec t ions  , of  

extruded bars  of the f ive  alloys. Etching exaggerates the apparent size 

of the oxide p a r t i c l e s ,  and serves  pr imar i ly  t o  show the tendency for 

oxide s t r i a g e r i n g  as a r e s u l t  of t h e  ex t rus ions  of the  flake and 

elongated milled powdex chips, 

fol lowed by X-ray l ine  broadening measurements, ind ica ted  an average 

p a r t i c l e  s i z e  f o r  the gamma alumina of 50 t o  80 -stroms; obviously 
m e  as u r  emen t s ; 

t he  micros t ruc tura l  evidence is a t  var iance w i t h  these/ however, at  

Acid chemical ex t r ac t ion  of the oxides, 

lOOOX, t he  f i n e s t  oxides are not resolvable.  

t rapped between weld-agglomerated flakes m u l d  account f o r  some of  the 

observed coarseness; the  etching effect m u l d  account f o r  an add i t iona l  

Coarse n icke l  oxides ,  

f r a c t i o n  of the  observed coarseness. 

H a r d n e s s  a t  room temperature as a funct ion  of one hour annealing 

at progress ive ly  higher temperatures is a simple and usefu l  measure 

of  a l l o y  s t a b i l i t y .  Figure 4 shows such hardness curves f o r  the  f i v e  

alloys, and compares t h e m  t o  Preston and Grant ' s  i n t e r n a l l y  oxidized 

Cu-3.5 volume percent Al,03 a l loy (3 )  , t o  a co ld  w o r k e d  Cu-10 percent  N i  

(no oxide)  a l l o y ,  and t o  the same a l l o y  w i t h  9 volume percent  Al,03 
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int roduced by mechanical mixing ( 9 )  , 

The l e v e l  of hardness va lues  among the  Cu-Ni-Al,O, a l l o y s  i s  

dependent on: 

a)  oxide oontent and d i s t r i b u t i o n  

b) n i c k e l  content , hardness increas ing  wi th  increas ing  
n i c k e l  

c)  degree of co ld  work 

d) recovery o r  r e c r y s t a l l i z a t i o n  w i t h  increas ing  temperature. 

One must keep i n  mind that  increas ing  n i c k e l  content  i n  copper 

inc reases  the melting temperature; Figure 4 i n d i c a t e s  t h e  melting 

temperatures of t he  0, 10, 20, and 30 percent  n i cke l  compositions 

as MO t o  M 3 ,  respectively.  

Using the Cu-3.5 volume percent A1,0, a l l o y  as a r e fe rence ,  

t h i s  being t h e  m o s t  temperature s t a b l e  copper a l l o y  known, one notes  

rather normal explainable  hardness behavior among t h e  a l loys ,  

A s  n icke l  content  increases  from 10 t o  30 percent ,  a t  an approxi- 

mately constant  A1,0, content of 3,5 volume percent ,  hardness inc reases  

(E31, E42, E43, E51), Alloy E41 i s  an exception, which i s  expected 

f r o m  the very  poor micros t ruc ture  (Figure 3c) and t h e  confirming poor 

t ens ion  test values, Alloy E43 shows t h e  best s t a b i l i t y ,  by a s m a l l  

f r a c t i o n ,  over E51, Note b e l o w  t h a t  t h e s e  t w o  a l l o y s  also show the 

h ighes t  y i e l d  and tens ion  s t r e n g t h  values  a t  room temperature, The 

wrought Cu-10 percent N i  a l l o y ,  co ld  worked about 50 percent  reduct ion  

of area, serves  as a re ference  t o  show t h e  i n c r e a s e  i n  r e c r y s t a l l i z a t i o n  

r e s i s t a n c e  among the mide s t a b i l i z e d  a l loys ,  

The room temperature t ens ion  test  data are shown i n  Table 111. 

The va lues  appear t o  be related t o  t h e  s t r u c t u r e s  shown i n  Figure 3, 

p a r t i c u l a r l y  so  i n  the case of E41. Tension and y i e l d  values  for t h e  
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Table I11 

Room Temperature Tension P rope r t i e s  

Yield, K s i  U l t i m a t e ,  
K s i  

Alloy 
10.2 % O f f s e t 1  

E31 61,8 680 8 

E51 72.5 81.8 

E41 36.2 55.5 

E42 69,6 82.2 

E43 81.2 87,2 

CU - 3.5 V/O A1203 (3) 65.1 76,O 

cu - 12 v/o Si0, (3)  90.4 

Cu - 10 N i  - 9 v/o A120, 32,s 

94.5 

52 -1  

a l l o y s  with b e t t e r  s t r u c t u r e  are somewhat b e t t e r  

- 9 -  

Elongation, 
% 

than  f o r  t h e  

Cu - 3.5 volume percent  AhO, a l loy ,  and d u c t i l i t y  values axe somewhat 

poorer, If t h e  structures of t h e  i n t e r n a l l y  oxid ized  Cu-Ni a l l o y s  

had been b e t t e r ,  these  values would  undoubtedly have been s t i l l  b e t t e r .  

S t r e s s  rupture  tests w e r e  performed at  65OoC, i n  air, with 

spot  checks at 450°C, i n  a i r ,  and a t  85OoC, i n  nitrogen. Resul ts  are 

l i s t e d  i n  Table IV, and are p lo t ted  f o r  65OoC i n  Figures 5 and 6,  

log-log p l o t s  of stress versus rupture  l i fe  and versus  minimum creep 

rate, respec t ive ly ,  For comparison purposes, curves are a l s o  p l o t t e d  

f o r  t h e  Cu - 3.5 volume percent A1,0, a l l o y ,  t h e  p r o p e r t i e s  of which 

axe t h e  highest  reported f o r  any copper a l l o y ( 3 ) ,  f o r  a Cu - 7-5 

vdlume percent A1,0, a l l o y  prepared by mechanical inixing of powders; (19) 

and f o r  a wrought Cu - 10 percent N i  a l l oy (9 ) .  While t h e  Cu-Ni=Al,O, 



Material 

45OoC 

E3 1 

cu-3.5 v/o 

cu-7.5 v/o 
A 1 2 0 3  ( 2 )  

A1203 (1) 

65OoC 

E3 1 

E5 1 

E41 

E42 

E3 1-1" 

E31-2* 

E5 1- l* 

E51-2* 

E4 1- l* 

E420 1* 
EM2-2* 

8 5 O o C  

E3 1 

E42 

cu-3.5 v/o 
A1203 (1) 

Table I V  

Creep-Rupture Proper t ies  

S t r e s s , K s i  

24 . 60 
23-00 
20.00 

40.0 

23.5 

17.00 
15.00 
13.70 
12.20 

15.00 
13 . 50 
12.30 
11.00 

12.00 
9.00 

16.50 
13.50 
10.00 

13.50 

15.00 

15 . 00 

13.50 

13 . 50 

12.00 

13.50 

13-50 

7.33 

7.33 

16.0 

Rupt. L i f e ,  hrs. 

0.037 
0.271 

discont inued at  
330.0 hours 

75.0 

100.0 

0.038 
1.09 
7,lO 

70.8 

0.173 
1-45 
12.0 
90.6 

Om092 
O m  833 

70m73 

0.015 
0.502 

106.2 

1.33 

2m06 

5.23 

15.8 

0.51 

3.13 

18.55 

0.117 

0.106 

0.12 

- 10 - 
MCR, %/hr. Elonqation, 96 

- 
2.3 
n i  1 

9 

- 

- 
1.13 
0.247 
0.0211 

8 m 3 3  
0.462 
0.0695 
0.0407 

8.852 
0.0112 

1.20 

1.02 

0 522 

0.120 

Om0778 

c. 

0 

0 . ~ 7 8 7  

2.31 

0.252 

0.0285 

25.3 

20.0 

... 
( 1) Reference 3 
(= )  Reference 19 
* See Table V f o r  co ld  working and annealing t reatments  

2.8 
1m5 - 

1.0 

5.3 

3.6 
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a l l o y s  are not as s t rong  as t h e  Cu - 3.5 volume percent  A1,0, a l l o y ,  

< w h i c h  s h o w e d  an extremely f i n e ,  u n i f o r m  p a r t i c l e  size s t r u c t u r e ,  they 

are as good or better than  those of the Cu - 7.5 volume percent A1,0, 

a l l o y  prepared by mechanical mixing, The stress for a 1OO-hour l i fe  

at 65OoC for  alloys E31 and E43 at about 12,000 p s i  is s ix  times 

g r e a t e r  than tha t  for t h e  Cu - 10 percent  N i  a l l o y  without oxide, 

D u c t i l i t y  values  i n  a l l  cases are low but  n o r m a l  for t h i s  class 

of a l l o y  ( 3 Y 4  9 10,191 

A number of i n v e s t i g a t o r s  have shown t h a t  cold work of low oxide 

d i spe r s ion  s t rengthened a l loys  r e s u l t s  i n  improved creep  rupture  

s t rength ,  The use of  co ld  work with intermediate  annealing t reatments  

permits increased  amounts of cold deformation w i t h  f u r t h e r  increases  

i n  s t r eng th ,  accompanied not by a loss of d u c t i l i t y ,  but  by a ga in  W Y 2 0 )  

A limited number of cold swaging experiments were run with these a l loys ,  

Cold work, as w e l l  as cold work p l u s  annealing p lus  fur ther  cold w o r k  

t reatments  w e r e  performed as indica ted  i n  Table V. The test r e s u l t s  

are listed i n  Table IV for tests a t  65OoC, and t h e  rupture  l i fe  data 

are p l o t t e d  i n  Figure 7, 

Except for a l l o y  E41, t h e  f i r s t  cold swaging step r e s u l t e d  i n  

an inc rease  i n  rup tu re  life, accompanied by an increase  i n  elongation, 

After in i t i a l  swaging and t e s t ing ,  t h e  balance of the  a l l o y  bars  w e r e  

annealed f o r  30 minutes a t  65OoC, w e r e  then f u r t h e r  cold worked, and 

tested again, Rupture l i fe  increased f u r t h e r ,  accompanied by a s m a l l  

i nc rease  i n  d u c t i l i t y ,  

For a given rup tu re  l i fe ,  the  cold ororking p lus  annealing treat- 

menlsresul t  i n  an improvement of about 2000 p s i  o r  about 20 t o  30 

percent  i nc rease  i n  load carrying capaci ty ,  w i t h  an inc rease  of  50 to  

100 percent  i n  e longat ion over t h e  va lue  f o r  the as-extruded m a t e r i a l .  



- 12 - 
Table V 

Schedule of Cold Swaqinq and Annealinq Treatments 
> 

A l l o y  Treatment 

E 31-1 E 31 cold  swaged 9% reduct ion  of area 

E 31-2 E 31-1 annealed 0.5 hour a t  65OoC and 
co ld  swaged for t o . t a l  of 16.5 % reduct ion  of area 

E 51-1 E 51 cold swaged 9% reduct ion  of area 

E 51-2 E 51-1 annealed 0.5 hour a t  65OoC and cold 
swaged for t o t a l  of 16.8% reduct ion  of area 

E 41-1 E 41 cold swaged 15% reduct ion  of area 

E 42-1 E 42 cold swaged 17.5% reduct ion  of area 

E 42-2 E 42-1 annealed 0.5 hour a t  65OoC and c o l d  
swaged for t o t a l  of 32.5% reduct ion  of area 

Alloy 41, with its very poor s t r u c t u r e ,  underwent ex tens ive  

recovery and p a r t i a l  r e c r y s t a l l i z a t i o n  on exposure t o  t h e  65OoC 

test temperature after t h e  i n i t i a l  cold deformation of 15 percent.  

Primary concern i n  t h i s  s tudy  w a s  over  t he  l o w e r  Stress rup tu re  

values  obtained on i n t e r n a l l y  oxid ized  s o l i d  s o l u t i o n  s t rengthened 

copper-nickel a l loys  compared t o  an  i n t e r n a l l y  oxidized copper base 

al loy(3) .  

v ious ly  coarser  than for the  copper - 3.5 volume percent  Al,O, a l loy .  

The oxide p a r t i c l e  s i z e  of copper-nickel a l l o y s  w a s  ob- 

Three factors cont r ibu ted  t o  t h e  poorer s t r u c t u r e s  and p r o p e r t i e s  

of t h e  Cu-Ni-Al,O, a l loys :  

1) To ob ta in  optimum p r e c i p i t a t i o n  (homogeneous) of Al,O, one 

should have as la rge  a supe r sa tu ra t ion  of oxygen as poss ib le ,  for a 

given alm%num content and temperature. I n  convent ional  aging systems 

t h i s  i s  achieved by s o l u t i o n  t r e a t i n g  a supe r sa tu ra t ed  two-phase a l l o y  

i n  a single-phase f i e l d ,  quenching, and then  aging. I n  i n t e r n a l  

ox ida t ion  t h e  oxygen m u s t  be di f fused  i n t o  t h e  matr ix ,  over i nc reas ing ly  



long d i s t ances  and is  at low concentration, Fu r the r ,  i n  the case of 

d i l u t e  copper-aluminum a l loys ,  t h e  oxygen source is  copper oxide; for 

\ the Cu-Ni-A1 a l l o y s  the  oxygen source is  nickel oxide. A t  800°C, t he  

oxygen pressure  i n  equi l ibr ium w i t h  copper oxide i s  3.4 x 10 

i n  equilibrium with nickel oxide i t  is o n l y  4.3 x 10 -16 atmospheres, 

-7 , and 

These t w o  factors, plus  the  much lower d i f f u s i o n  rate of oxygen i n  

copperknickel a l l o y s  compared to t h a t  i n  copper ( s e e  Figure 1 ) ,  lead 

t o  the formation of coarser  Al,03  p a r t i c l e s ,  which coarsens f u r t h e r  

wi th  increas ing  depth of oxide penet ra t ion  (4,211 m 

2 )  Counter d i f f u s i o n  of aluminum f r o m  the center  of  coarser 

powder p a r t i c l e s  as aluminum is oxidized and depleted near t h e  surface 

leads t o  deple t ion  of aluminum a l l o y  powder center .  The slow diffusion 

of oxygen i n  the copper-nickel m a t x i x  further exaggerates this defect, 

To e s t i m a t e  t h e  s e v e r i t y  of  this problem, i n t e r n a l l y  oxidized 

a l l o y  powder A 3  (10% Ni), w h i c h  w a s  -400 m e s h  material, was disso lved  

i n  d i l u t e  nitr ic acid i n  three s t e p s  (four f r a c t i o n s ) ,  

dissolved (assumed, for s i m p l i c i t y  of ca l cu la t ions ,  t o  occur u n i f o r m l y  

The arrpunt 

i n  each s t e p  regard less  of powder s i z e  mix) w a s  established by weighing 

the undissolved f r a c t i o n ,  The  Al,03 i n  t h e  d isso lved  po r t ion  w a s  

separated and weighed, The r e s u l t s  are shown i n  Figure 8, It is  

clear tha t  there is deple t ion  of A1,0, t o w a r d  the  centers  of the  p o w d e r  

p a r t i c l e s  as a r e s u l t  of  the outward d i f fus ion  of aluminum. Th i s  

effect w a s  very much less ser ious  i n  the  copper-Al,O, a l l o y s ,  even 

when using considerably coarser  a l loy  powders ( 3 )  . 
3 )  Entrappment of copper and nickel oxides  between welded 

. flakes of t h e  a l l o y  powders during mil l ing  of the powders, 

These r e s u l t s ,  combined, lead t o  coarser  A1,03 , poorer d i s t r i b u t i o n  

and probable contamination w i t h  N i O  and Cu,O, and the re fo re  t o  poorer 



high temperature proper t ies .  
c 

I n  view of t h e  observed less than ideal s t r u c t u r e s  i t  i s  s t i l l  

of importance t h a t  these Cu-Ni-A1,03 a l l o y s  w e r e  s t ronger  and m o r e  

temperature s t a b l e  than  mehhanically m i x e d  copper-Al,O, a l l o y s  w i t h  up 

t o  10 volume percent A1,0,. Further,  t h e  extreme f l a t n e s s  of s lope  

of t h e  curves i n  Figures 5 and 6,  and the  desired s t a b i l i t y  of several 

of these alloys t o  g r e a t e r  than  1000°C ( s e e  Figure 4)  speak of t h e  

I promise of these s o l i d  s o l u t i o n ,  oxide d i spe r s ion  s t rengthened a l l o y s  

for  both l o w  and high temperature use, 

Conclusions 

1) Alloying of copper w i t h  n i cke l  s eve re ly  slows down the  rate 
, of ox ida t ion  of aluminum i n  Cu-Ni-A1 powdered al loys.  

2)  To avoid formation of n i c k e l  aluminate s p i n e l s ,  an oxygen 

pressure  no g rea t e r  t han  that  i n  equi l ibr ium with NiO a t  t h e  same 

temperature may be u t i l i z e d .  I 

3) The use of low oxygen pressures  i n  e q d l i b r i u m  wi th  N i O ,  

combined w i t h  slow d i f f u s i o n  of oxygen i n  a Cu-Ni matrix, and dep le t ion  

of aluminum by counter d i f f u s i o n  from t h e  c e n t e r s  of powder p a r t i c l e s  

lead  t o  r e l a t i v e l y  coarser Also, p a r t i c l e s  and pQDrer than  optimum 

high temperature proper t ies .  

4)  I n  s p i t e  of these s t r u c t u r a l  l i m i t a t i o n s ,  a t t r a c t i v e  creep 
I 

rup tu re  p rope r t i e s  w e r e  obtained a t  65OoC, and s t r u c t u r a l  s t a b i l i t y  

w a s  demonstrated up t o  1000 or 1 0 5 O o C  f o r  s e v e r a l  of t h e  a l loys .  

5) Cold work after ex t rus ion ,  e s p e c i a l l y  when coupled with 
I 

in te rmedia te  annealing t reatments ,  r e s u l t e d  i n  s m a l l  but u se fu l  i nc reases  

i n  high temperature s t r e n g t h  along w i t h  an important i n c r e a s e  i n  fracture 

d u c t i l i t y .  
I 
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6) S o l i d  s o l u t i o n  a l loy ing  w a s  p r imar i ly  b e n e f i c i a l  t o  t h e  l o w  

c temperature s t r e n g t h  proper t ies .  
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Internal Oxidation Ti me J Hours 
Figure 1, D e p t h  of internal  o d d a t i o n  vs, t i m e  at several temperatures, 

So l i d  s p e c i m e n s .  
(24)  A. Cu-0,72741, 8OO0C, CuO source 

B, N i - 0 , 5 4 7 4 1 ,  8OO0C, NiO source[::] 
C. N i - 1 , 4 3 7 4 1 ,  8OO0C, N i O  source 
De  A3;Cu- l0Ni -Om76%A1,  8OO0C, N i O  source 
E, A4;Cu-20Ni-Om 79741, 8OO0C, N i O  source 
F, A5;Cu-30Ni-O,80%Al, 80O0C,  N i O  source 
G. A3;Cu- lONi -0 ,767&1,  75OoC, N i O  source 

. 



( b )  

S e c t i o n s  through powders, (a) A5;  Cu-30Ni-0.807&1; 
b y  Procedure 11. I n t e r n a l l y  o x i d i z e d  a t  8OO0C f o r  50 hours. 
(b) A 4 ;  Cu-20Ni-O079% A l ;  by Procedure IV.  I n t e r n a l l y  
o x i d i z e d  a t  8OO0C f o r  5 hours, 30% HNO, e t c h ,  1OOOX. 





( e) 
Figure 3. Longitudinal sect ions  of as-extruded a l loys .  (a) E31, 

Procedure 11, ( b )  E51, Procedure 11. (c) E41, Procedure 
111. (d)  E42, Procedure I V .  ( e )  -3, Procedure V. 
Etched. 1OOOX. 
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Pcment of Area Reductm by Waging 

Figure 70 Effec t  of c o l d  swaging and annealing on rup tu re  l i f e  at 
65OoC of i n t e r n a l l y  oxidized Cu-Ni-Al,O, a l loys .  Second 
poin t  i s  f o r  c o l d  work only. Third po in t  fo r  each a l l o y  
represents  an  anneal ing t reatment ,  after i n i t i a l  cold work, I 

of 0.05 hour a t  65OoC followed by f u r t h e r  cold swaging. 
Stresses (Ksi) used w e r e :  E31 (15,0), E51 and E42 (13.5), 
a1 W4/L . . 

. -  
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Figure 8, Aluminum oxide content as a function of depth of  oxide 
penetration during internal oxidation. Alloy A3 (-400 mesh 
powder), internal ly  oxidized at 8OO0C for 50 hours, 


